When hydrocarbon molecules are exposed to an intense laser field, triatomic hydrogen molecular ion, H 3 + , is ejected. Here we describe pump-probe measurements of the ejection of H 3 + from methanol dication with high temporal resolution using intense few-cycle laser pulses and find a long-lasting periodic increase in the yield of H 3 + . We show that H 3 + ejection is the lowest energy decomposition channel and that its yield is enhanced each time when the vibrational wave packet coming back to the inner turning point of methanol cation is projected onto the dication potential energy surface. We also show that the time-resolved measurement of the yield of H 3 + is an efficient tool not only for probing ultrafast nuclear dynamics of hydrocarbon cations but also for deriving vibrational frequencies of hydrocarbon cations with high precision.
I t has been shown that triatomic hydrogen molecular ion, H 3 + , plays an important role in interstellar chemistry 1 . For example, H 3 + formed through a bimolecular reaction, H 2 + +H 2 →H 3 + +H, can protonate a neutral molecule X by a subsequent bimolecular collision, H 3 + +X→HX + +H 2 , which may lead to further subsequent interstellar chemical reactions. It has also been shown that H 3 + can be emitted from hydrocarbon molecular dication prepared by electron impact ionization 2 , by extreme ultraviolet photoionization 3 , and by irradiation of intense femtosecond laser pulses [4] [5] [6] . The formation of H 3 + from allene [7] [8] [9] and the formation of HD 2 + from CD 3 OH 10 showed that migration of hydrogen atoms can proceed in the formation of H 3 + . Recently, we interpreted the mechanism of H 3 + formation from dication of methanol theoretically as a unimolecular decomposition process in which a long-lived neutral moiety of H 2 , formed within a dication molecule, abstracts a proton in the other moiety having the charge of +2 11 . Through a series of our studies on the formation of H 3 + from hydrocarbon molecules by the irradiation of ultrashort intense laser pulses 7, 10, [12] [13] [14] , we showed that the hydrocarbon dications from which H 3 + is ejected are all long lived, and that their lifetimes are comparable to or longer than a period of the overall rotation of the dications. These findings mean that the intramolecular vibrational-energy redistribution proceeds to a large extent within the energized dications prior to the ejection of H 3 + . When hydrocarbon dication is prepared by sequential ionization from neutral by two ultrashort laser pulses, the vibrational energy of the dication is varied depending on the delay time of the second ionization pulse with respect to the first ionization pulse that prepares a vibrational wave packet on the potential energy surface of the monocation, reflecting the temporal evolution of the wave packet. Therefore, if we monitor the ejection of H 3 + from the dication in real time, we will be able to explore ultrafast nuclear dynamics of hydrocarbon molecules at the monocation stage by taking advantage of the existence of the long-lived dication, acting as an energized state in the unimolecular dissociation.
In the present study, we record the yield of H 3 + produced from methanol dication,
in time domain by the pump-probe coincidence momentum imaging (CMI) method using near-infrared few-cycle laser pulses whose pulse duration is 6 fs and monitor the vibrational motion of CH 3 OH + with high temporal resolution of as high as~6 fs.
Results
Origin of periodic ejection of H 3 + . Figure 1a shows the distribution of the released kinetic energy, E kin , and the ion yield of the two-body Coulomb explosion pathway (1) as a function of the pump-probe time delay Δt. The ion yield exhibits a periodic increase with the period of~38 fs starting from Δt~58 fs, and this periodic structure continues beyond 500 fs as seen in Fig. 1b . The temporal pulse profiles of the few-cycle laser pulses employed in the present experiment are shown in Supplementary Figure 1 . In order to extract the frequency of the ion yield oscillation, we perform the Fourier transform of the yield in the range of 120 < Δt < 500 fs in Fig. 1b , and obtain Fig. 1c , in which a distinct peak appears at~26.3 THz, corresponding to the period of~38.0 fs. This long-lasting oscillation can only be ascribed to the motion of the vibrational wave packet on the electronic ground state of CH 3 OH + because even the lowest electronically excited state of CH 3 OH + is located 0.5 eV above the dissociation threshold for CH 2 OH + +H 15, 16 and the wave packet prepared on these electronically excited states is expected to decay into the dissociation continuum.
This frequency is closed to the C-O stretching frequency 26.8 THz (895 cm −1 ) of the electronic ground state of CH 3 OH +15 .
It is known from photoion-photoion coincidence measurement 17 that the H 3 + ejection pathway (1) and the H + ejection pathway
have the lowest threshold energies among all the possible decomposition pathways of CH 3 OH 2+ . The decomposition pathway having the next lowest threshold energy is the H 2 + ejection pathway,
whose threshold energy is located at~0.5 eV higher than the pathways (1) and (2) 17 , and the decomposition pathway having ejection Coulomb explosion pathway (1). Black curve: ion yield as a function of the Δt. Blue broken curve: optimized exponential curve to which the ion yield data are fitted in the time range between Δt = 120 fs and 500 fs. Red curve: residual ion yield after the subtraction of the optimized exponential curve. c The Fourier-transformed ion yields of the H 3 + ejection pathway (1) using the data in the range of 120 < Δt < 500 fs the second next lowest threshold energy is the three body explosion pathway,
whose threshold energy is located at~1 eV higher than the pathways (1) and (2) 17 . From the number of events at Δt~500 fs in the high E kin region above 3.5 eV, the relative yields of the pathways (1), (2), (3), and (4) in our measurements are derived to be 1:1:0.07:3.6, respectively, showing that the three body explosion pathway (4) has the largest ion yield and the pathway (3) is a minor pathway.
Considering that the period of~38 fs identified in Fig. 1c 19 , reflecting the fact that the 2a'' orbital has an antibonding character, and therefore, upon the first ionization, the vibrational wave packet is expected to be prepared at the outer turning point of the potential energy curve. Consequently, as the delay time increases, the energy of the dication decreases and takes the minimum value at Δt = 19 fs, a half of the vibrational period of the CO stretch of the monocation, and then the energy becomes maximum at Δt = 38 fs. The delay times at which the yield of H 3 + became maximum, 58 fs, 96 fs, 134 fs…, shown in Fig. 1a , correspond to the timings when the vibrational wave packet reached the inner turning point of the potential energy curve of the monocation, i.e., the timing when the energy of the dication takes the minimum value. Therefore, it is probable that, at the lowest energy of the dication, only the lowest energy channels (1) and (2) are open energetically, and that once the other dissociation channels are opened energetically, they dominate over the lowest energy channels, leading to the decrease in the yield of H 3 + through the channel (1).
Unimolecular decomposition of CH 3 OH 2+ . In order to discuss more precisely the unimolecular decomposition leading to the periodic ejection of H 3 + , we explored the multi-dimensional potential energy surface of CH 3 OH 2+ by density functional theory calculations to find the transition states for the dissociation pathways. As plotted in Fig. 3 , there are two transition states, TS1a (0.56 eV) and TS1b (0.85 eV), in the H 3 + ejection pathway (1). At TS1a and TS1b, CH 3 OH 2+ takes two different characteristic geometrical structures, both of which show that neutral H 2 is attached to CHOH 2+ moiety. These two transition state structures at TS1a and TS1b, representing a loosely bound complex in which the charge induced dipole moment of the H 2 moiety is bound by the positive charge of the CHOH 2+ moiety. When the unimolecular reaction proceeds through TS1a, H 3 + is expected to be ejected from methyl group, and, when it proceeds through TS1b, H 3 + is expected to be ejected from hydroxyl group after the migration of neutral H 2 from methyl group as was discussed in ref. 11 . The energy of the transition state of the pathway (2) (TS2), 0.65 eV, is located between the energies of TS1a and TS1b.
As shown in Fig. 4 , the yield of the pathway (2) as a function of the pump-probe delay also exhibits the oscillatory structure similar to the one shown in Fig. 1b for the pathway (1). Even though the yield of the pathway (2) is almost the same as the yield of the pathway (1), the amplitude of the oscillation of the pathway (2) is found to be only one third of that of the pathway (1).
This larger oscillation amplitude in the pathway (1) can be discussed by the Rice-Ramsperger-Kassel-Marcus (RRKM) unimolecular reaction theory. The spontaneous reaction rate k 2 (E) in the RRKM theory 20 can be written as where E and E 0 are the internal energy for the parent dication and the zero point energy for the TS, respectively, W ‡ is the number of the energetically allowed vibrational levels for the vibrational motion along the directions perpendicular to the reaction coordinate at the transition state, and ρ(Ε) is the density of states of the parent dication. Since ρ(Ε) is common in these two pathways (1) and (2), the difference in the yield can be ascribed to the difference in W ‡ . This means that when the difference between the threshold energy for H 3 + production and that for the H + production is small, their relative yield is governed by the W ‡ values.
We calculated the vibrational frequencies of the vibrational modes at TS1a, TS1b, and TS2 as shown in Supplementary  Table 1 , and evaluated W ‡ as a function of E−E 0 . The results are plotted in Fig. 5 , showing that W ‡ at TS1a and TS1b increases more rapidly than W ‡ at TS2, which can be ascribed to the difference in the numbers of the low-frequency vibrational modes at these three transition states. The numbers of the vibrations modes having the lower wavenumber than 600 cm −1 are six and five at TS1a and TS1b, respectively, while the number at TS2 is only two. The larger number of the low-frequency vibrational modes contribute to the increase in W ‡ at TS1a and TS1b. Among these low-frequency vibrational modes, the vibrational mode (215 cm −1 ) assigned to the rotation of the H 2 loosely bound neutral moiety at TS1a and the corresponding vibrational mode (242 cm −1 ) at TS1b contribute largely to the more rapid increase in W ‡ at these two transition states than the increase in W ‡ at TS2.
It may be said that TS1b could not contribute in the competition between the pathway (1) and the pathway (2) because the energy of TS1b is 0.31 eV higher than the energy of TS1a. However, within the accuracy of the theoretical calculations, it is difficult to judge if such a small energy difference is accurately evaluated. Therefore, we regard that both TS1a and TS1b are located closely in energy to TS2 in this threshold region of the two decomposition pathways and that the more rapid increase in W ‡ at TS1a and TS1b than W ‡ at TS2 results in the more rapid increase in the spontaneous reaction rate for the H 3 + ejection pathway (1) than that for the H + ejection pathway (2), which explains the reason why the observed amplitude for the oscillation in the H 3 + ejection pathway is about three times as large as that in the H + ejection pathway, i.e., the pathway (2).
It is known that the ejection of H + through the pathway (2) proceeds very rapidly within the time range of 70-290 fs 13 . Therefore, it is probable that the large portion of H + are produced via the pathway (2) from the precursor dications prepared in a much higher energy region above TS2, resulting in the nonoscillating components seen in Fig. 4 , and that the small portion of the wave packet prepared in the low energy region slightly above TS2 contribute to the oscillating component in the pathway (2).
Mechanism of H 3
+ and H 2 D + ejections from CH 3 OD 2+ . In order to confirm our discussion above, we have also performed pump-probe CMI measurements of partially deuterated methanol, CH 3 OD, for the H 3 + ejection pathway from CH 3 OD 2+ ,
proceeding via TS1a, and the H 2 D + ejection pathway,
proceeding via TS1b. Fig. 5 The numbers of energetically allowed vibrational levels at the TSs of CH 3 OH 2+. The W ‡ at TS1a (black), TS1b (blue), and TS2 (red) are counted by the Beyer Swinhart algorithm 29 as a function of the internal energy, which is measured from the zero point energy at the EQ of CH 3 
OH 2+
As shown in Fig. 6 , both of the ion yield of the pathway (6) and that of the pathway (7) exhibit periodic peak structures with a common period of 26.3(26) THz, which agrees well with the frequency of the C-O stretching that is 27.8(9) THz (928(30) cm −1 ) 21 . As shown in Fig. 6e , f, the oscillation amplitude of the pathway (7) via TS1b is around one fourth of the pathway (6) via TS1a, suggesting that the two pathways compete and their threshold energies are located closely to each other even though TS1b is expected to be somewhat higher in energy than TS1a.
The number of the energetically allowed levels W ‡ of CH 3 OD 2+ at TS1a and that at TS1b are calculated as shown in the Fig. 7 . Even though the W ‡ values at the two transition states increases rapidly in a similar manner, the threshold energy for TS1b is about 0.3 eV higher than that for TS1a. The observation that the dissociation pathways (6) and (7) compete shows the energy difference between TS1a and TS1b is overestimated by about 0.3 eV in the calculation. The experiment using the partially deuterated methanol, CH 3 OD, has revealed that H 3 + ejection can proceed through both of the transition states, TS1a and TS1b, and that TS1b is only slightly (<0.1 eV) higher in energy than TS1a.
The pathway (4) has the largest yield among these pathways, indicating that a large portion of CH 3 OH 2+ is prepared in the higher internal energy than the threshold energy of the pathway (4). As shown in Fig. 8 , no long-lasting periodic peak structure can be seen in the yield of the pathway (4), indicating that the periodic dip in the yield of the pathway (4) that should be associated with the increase in the yields of the pathways (1) and Fig. 7 The numbers of energetically allowed vibrational levels at the TSs. The W ‡ at TS1a (black), TS1b (blue), and TS2 (red) are counted by the Beyer Swinhart algorithm 29 as a function of the internal energy, which is measured from the zero point energy at the EQ of CH 3 OD 2+ (2) is so small in its magnitude compared with the total yield of the pathway (4).
We have found the periodic increase in the yield of H 3 + from CH 3 OH 2+ and that of H 3 + and H 2 D + from CH 3 OD 2+ , lasting for as long as 500 fs or more by the pump-probe measurement with the temporal resolution as high as 4-6 fs, and demonstrated that the period (~38 fs) of the C-O stretching vibration of methanol monocation can be obtained from the Fourier transform of the time-resolved signals.
Because methanol dication from which H 3 + is ejected is long lived, unimolecular reaction theory have been applied to the decomposition process. By evaluating the spontaneous reaction rate for the H 3 + decomposition pathway by the RRKM unimolecular reaction theory, we have found that the loose transition states having the low-frequency vibrational modes play a crucial role in guiding the dication towards the H 3 + ejection pathway.
The H 3 + ejection from hydrocarbon dications can be regarded as a general phenomenon for hydrocarbon molecules having more than two hydrogen atoms 4 . It is possible that H 3 + ejection from other hydrocarbon dication species proceeds also through this type of loose transition state. Because the energized state is regarded as the dense manifold of the vibrational levels to which the wave packet motion of monocation is to be projected, timeresolved monitoring of the very slow H 3 + ejection process and its Fourier transform can be a useful spectroscopic method for determining the vibrational frequencies of hydrocarbon cations that are difficult to be obtained by conventional spectroscopic methods. The time-resolved detection of H 3 + from methanol dication induced by the intense field sequential ionization have given us an opportunity to investigate the vibrational dynamics of methanol cation.
Methods
Experimental apparatus. The details of our experimental setup have been described in the previous report 22 . Briefly, few-cycle laser pulses were generated by a hollow-core fiber compression technique using an output of a chirped pulse amplification femtosecond Ti:sapphire laser system (800 nm, 5 kHz, 0.6 mJ, 30 fs). The few-cycle laser pulses were introduced into a Michelson interferometer to generate pump and probe pulses. The optical time delay Δt between the pump and probe laser pulses was varied in the range between around −20 fs and 500 fs using a piezo-controlled optical stage. The pulse duration was measured to be 6.0 fs and the center wavelength was 770 nm for CH 3 OH. In the experiment of CH 3 OD, the pulse was compressed so that the duration became 4.4 fs and the center wavelength was 770 nm. Both the pump and probe laser pulses were focused onto an effusive molecular beam of methanol in a vacuum chamber by a concave mirror (f = 150 mm). The laser polarization direction of the pump laser pulses and that of the probe laser pulses were set to be parallel to the propagation axis of the molecular beam. The focal intensity was estimated to be 2.1 × 10 14 W cm −2 for CH 3 OH and 2.7 × 10 14 W cm −2 for CH 3 OD. The temporal shapes of the few-cycle laser pulses were measured by the method of two-dimensional spectral shearing interferometry 23 and shown in Supplementary Figure 1 .
The fragment ions generated from methanol were guided by static electric fields toward a two-dimensional position sensitive detector (HEX120, RoentDek) in the velocity map imaging configurations. From the flight times of the fragment ions and the positions on the detector plane where the fragment ions hit, the momentum vectors of the fragment ions were determined. Events of the two-body Coulomb explosion pathways were extracted by the CMI method 24 . The released kinetic energy E kin was plotted as a function of the time delay Δt in the delay time range of −20 to 500 fs with delay increment step of 4 fs. Events of the three body explosion pathway (4) were extracted by the covariance mapping method 25 .
Extraction of pump-probe signals. The row data of E kin distributions of the dissociation pathways include the signals generated by the pump laser pulse only and those generated by the probe laser pulse only because methanol dication can also be generated by a single laser pulse. The E kin distribution Y diff (E kin ,Δt) generated from methanol dication prepared exclusively by the sequentially ionization by the pump and probe laser pulses, which is shown for example in Fig. 1a for the dissociation pathway (1), was derived by subtracting the signals generated by the pump laser pulse only Y pump (E kin ) and those generated by the probe laser pulse only Y probe (E kin where α is a correction factor describing a depletion of sample molecules by irradiating the pump laser pulse. As the value of α, α = 0.79(5) was adopted for CH 3 OH, which was obtained in ref. 22 by comparing the total ion yield obtained by the pump laser pulse only, by the probe laser pulse only, and by the pump and probe laser pulses. For CH 3 OD, the lower value α, α = 0.4, was adopted for CH 3 OD because the sample is depleted to a larger extent associated with the larger laser pulse intensity.
Geometrical structures of CH 3 OH 2+ at TSs and EQ. The geometry optimization of the transition states and the equilibrium structures were performed using the global reaction route mapping (GRRM1.2) program 26-28 using energies and gradient vectors computed by the Gaussian09 program with the density functional theory at the UB3LYP/aug-cc-pVTZ level after exploring transition states and equilibrium structures with UB3LYP/6-31G(d) level.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request. The three body explosion pathway (4) . The distribution of the kinetic energy of H + generated through the three body explosion pathway (4) . The strong signal with a vertical stripe at Δt~70 fs is ascribed to the optical interference between the satellite structure of one of the pump and probe laser pulses and the main central part of the other laser pulse
